Cystatin B is an intracellular inhibitor that regulates the activities of cysteine proteases. In this study, cystatin B in Japanese flounder (Paralichthys olivaceus) was characterized and its immune function was analyzed. This gene had a high similarity with the sequence of cystatin B in other fish species, and the derived peptide shared typical features of cystatin proteins including the QXVXG motif. The results of quantitative real-time PCR showed that cystatin B mRNA was constitutively expressed in all examined tissues, with the highest level in gill. The stimulations of lipopolysaccharide, peptidoglycan and polyinosinic-polycytidylic acid effectively increased the expression level of cystatin B mRNA. Functional analysis implied that the recombinant P. olivaceus cystatin B purified from Escherichia coli had cysteine protease inhibitory activity and could inhibit bacterial growth by binding to bacteria. Furthermore, we found that P. olivaceus cystatin B had no effects on the expression of inflammatory factors cytokines tumor necrosis factor α, interleukin 10, interleukin 1β and interferon γ. These results indicate that cystatin B of P. olivaceus is potentially involved in immune responses against invading microbial pathogens, and provide a better understanding of the immune mechanisms of cystatins in teleosts.
Introduction
Cystatins are natural exosite binding cysteine proteinase inhibitors, which obstruct the access of substrate without interacting with the enzyme catalytic center [1] . Cystatins predominantly interact with cysteine proteases, such as the plant-derived papain and human cathepsins B, H and L [2, 3] . Cystatin B, also known as stefin-B, is originally discovered as an inhibitor of cathepsin B [4] and shows wide distribution among different cell types and tissues [2] . Apart from its antiprotease activity, cystatin B is involved in immune responses to bacterial and fungal infections, and in anti-apoptotic processes in the cerebellum [5, 6] . These roles are further verified in teleosts, such as Carassius auratus [7] , Gadus morhua [8] , Lates calcarifer [9] , Cyclopterus lumpus [10] and Salmo salar [11] , by transcriptome and proteome analysis under different immune challenges.
The roles of cystatin B in immune system have been studied only in several teleost species. Scophthalmus maximus cystatin B is found to participate in the host response to invading bacteria in the head kidney macrophage cells [12] . Oplegnathus fasciatus cystatin B is potentially involved in immune responses against invading Gram-negative bacteria [13] . However, the role of cystatin B in other teleosts is yet to be elucidated. Japanese flounder (Paralichthys olivaceus) is an economically important cultured marine fish species in China, and its cultivation has been threatened by outbreaks of illnesses induced by viruses, bacteria and pathogens. In this study, we aimed to analyze the immune function of P. olivaceus cystatin B (Pocystatin B). Lipopolysaccharide (LPS), peptidoglycan (PGN) and polyinosinic-polycytidylic acid (poly I:C) stimulation was performed to detect the expression changes of Pocystatin B mRNA. The antibacterial effect of recombinant P. olivaceus cystatin B protein (rPocystatin B) was investigated. Furthermore, we examined the regulatory relationship between rPocystatin B and inflammatory factors: cytokines tumor necrosis factor α (TNF-α), interleukin 10 (IL-10), interleukin 1β (IL-1β) and interferon γ (IFN-γ). The results would help to reveal the functional mechanisms of cystatin B in teleost immune system.
Materials and methods

Fish and cell line
P. olivaceus with one-year-old was collected from the Yellow Sea Aquatic Product Co., Ltd., and was maintained at 17°C. Tissues for Quantitative real-time PCR (qRT-PCR) were collected from three male and three female individuals. Samples of brain, heart, intestine, head kidney, liver, spleen, gill and muscle were snap-frozen in liquid nitrogen and stored at −80°C. The P. olivaceus gill cell line (FG-9307) derived from gill tissue of P. olivaceus [14] was cultured in Eagle's minimal essential medium (EMEM, BI, Israel) supplemented with 10% (V/V) fetal bovine serum (BI, Israel), 1% (V/V) non-essential amino acids (NEAA, Gibco, US), and 100 U/mL penicillin at 24°C.
RNA extraction and cDNA synthesis
Total RNA was isolated from the collected tissues by Trizol (Invitrogen, Carlsbad, CA, USA), treated with RNase-free DNase I (TaKaRa, Dalian, China) to remove DNA contamination, and stored at −80°C for further use. Quality and quantity of RNA were examined by 1.5% agarose gel electrophoresis and spectrophotometry (NanoPhotometer Pearl, Implen, Germany). cDNA synthesis was performed using the Reverse Transcriptase M-MLV Kit (TaKaRa, Dalian, China) following the instructions in the manual.
Identification of Pocystatin B cDNA and bioinformatic analysis
The cystatin B sequence of P. olivaceus based on the homologues of other teleosts, was selected from Japanese flounder database [15] by means of homology screening using Basic Local Alignment Search Tool (BLAST) of NCBI. A pair of primers PocystatinB-Fw1/Rv1 (Table 1) specific to this sequence was designed using Primer Premier 5.0 program. The cDNA sequence was identified by PCR, gel purification, subcloning and sequencing. Multiple alignment of the protein sequences was performed using MUSCLE3.8.31. Domains of Pocystatin B protein structure were predicted by SMART software. SignalP 4.1 server was used to search canonical signal peptides. Phylogenetic tree was constructed based on the deduced amino acid sequences by MEGA 7.0. The reliability of each node was estimated by bootstrapping with 1000 replications.
qRT-PCR
qRT-PCR was carried out as described previously [16] , using the gene-specific primer pair PocystatinB-RT-Fw/Rv (Table 1) . For the statistically repeatable feature, β-actin gene was used to normalize the relative gene expression of target gene. Data were analyzed by the 2 −ΔΔCt method. The level of Pocystatin B, TNF-α or IL-10 mRNA relative to that of β-actin was calculated. The ratio of relative expression levels between the experimental and control groups was expressed as fold changes.
Immune challenge assay
LPS, PGN and poly I:C were used to challenge the gill cells as previously described [16] . Briefly, monolayer-cultured gill cells with good growth state were transferred to 12-well plates and cultured for 24 h. When the rate of cell coverage reached 90%-95%, LPS, PGN and poly I:C were added to each well of the experimental group to a final concentration of 50 μg/mL (the concentration was determined based on pre-experiments). The control group was added with the same concentration of PBS. Cells of each group were sampled at six different time points (0, 1, 2, 4, 8 and 12 h post stimulation), and then stored in Trizol at −80°C until further use.
Construction of expression vector
The complete open reading frame (ORF) of Pocystatin B was amplified by PCR with the specific primers PocystatinB-Fw2/Rv2 ( Table 1 ). The reaction procedure was as follows: an initial denaturation step at 94°C for 5 min; a step containing 35 cycles of denaturation at 94°C for 30 s, annealing for 30 s at 56°C and extension at 72°C for 1 min; an additional extension step at 72°C for 7 min. The PCR product was digested with BamHI and HindIII enzymes (TaKaRa, Dalian, China), and sub-cloned into the expression vector pET-32a (Novagen, USA) treated with the same restriction enzymes. The correct recombinant plasmid (pET32a-Pocystatin B) was screened by sequencing.
Expression and purification of rPocystatin B
The procedure of expression and purification of the recombinant protein rPocystatin B was performed following previous study [17] . TRX-His-tag peptide was expressed and purified as control. The purity of recombinant protein was checked by SDS-PAGE on a 12% gel, and the gel was stained with Coomassie Brilliant Blue R-250. Vivaspin ® ultrafiltration spin columns (Sartorius, Germany) were used to concentrate the protein. The protein concentration was detected by BCA Protein Assay Kit (CWBIO, Beijing, China) using bovine serum albumin as standards.
Protease inhibition assay
To determine the inhibition activity of rPocystatin B, 90 μL Tris buffer (50 mM, pH 7. The restriction enzyme sites are underlined.
trichloroacetic acid and chilled on ice for 15 min, after which the precipitate was separated by centrifugation. The absorbance (A) at 440 nm was measured using a spectrophotometer. Negative control data were obtained with the TRX-His-tag peptide. The relative activity of rPocystatin B was calculated as 100 × (1 -(A 440 of rPocystatin B)/(A 440 of control)).
Antibacterial activity assay
The assay for antibacterial activity identification was performed using Oxford cup method as previously described [17] . Six kinds of bacteria (Escherichia coli, Staphylococcus aureus, Edwardsiella tarda, Bacillus subtilis, Vibrio anguillarum and Aeromonas hydrophila) were incubated and spread on the surface of a 90-mm plate. Three cups were added with 200 μL of rPocystatin B, PBS and TRX-His-tag peptide, respectively, with the latter two served as controls. After the incubation at 37°C or 28°C for 16-18 h, the inhibition zone was observed to determine the antibacterial activity of the rPocystatin B.
Bacteria-binding assay
To measure the binding activity, E. coli, S. aureus, E. tarda, B. subtilis, V. anguillarum and A. hydrophila were respectively incubated with rPocystatin B according to the procedures proposed by Yan et al. [18] . Briefly, a total of 1 × 10 7 bacteria were incubated with 10 mg rPocystatin B in PBS by gentle orbital rotation for 2 h at room temperature. Bacterial cells were pelleted and washed five times with 1 mL PBS buffer. The pellets were then suspended in a 100 mL reducing sample buffer (250 mmol/L Tris-HCl, pH 6.8, 10% (W/V) SDS, 2.5% bromophenol blue, 50% glycerol, and 5% β-mercaptoethanol). The TRX-Histag peptide was used as a negative control, and the recombinant protein without incubation was used as a positive control. The results were analyzed by western blotting using rabbit anti-His tag antibody. The band was visualized using ECL Plus Kit (Beyotime, Shanghai, China) according to the manufacturer's instructions.
Detection of inflammatory factors
The gill cell line was used to detect the inflammatory factors after rPocystatin B stimulation. The experimental group was added with rPocystatin B and the control group was added with TRX-His-tag peptide, both to a final concentration of 50 μg/mL. Four wells of each group were sampled at every time point, including 0, 1, 2, 4, 8 and 12 h post stimulation. The sampled cells were washed three times in PBS, after which total RNA of the cells was extracted for cDNA synthesis based on the above mentioned procedures. qRT-PCR was performed to detected the relative expression of TNF-α, IL-10, IL-1β and IFN-γ mRNA using primers TNF-α-Fw/Rv, IL-10-Fw/Rv, IL-1β-Fw/Rv and IFN-γ-Fw/Rv (Table 1) .
Statistical analysis
All experiments were performed in triplicate. Data were analyzed using one-way ANOVA followed by LSD test in SPSS 20.0, and P < 0.05 indicated the statistical significance. All data were expressed as mean ± standard error of the mean (SEM).
Results and discussion
Conserved functional domains in vertebrate cystatin B
Pocystatin B gene sequence was identified from P. olivaceus transcriptome and verified by PCR. The full-length cDNA (GenBank accession number: MH469714) contained a 147-nt 5′-UTR, a 210-nt 3′-UTR and an ORF of 297 nt encoding a polypeptide of 98 amino acids with a predicted molecular weight of 11.08 kDa and a theoretical isoelectric point of 6.57. Amino acid sequence analysis revealed the presence of a typical cystatin domain containing the conserved pentapeptide motif QXVXG (Fig. 1) , suggesting that the protein belonged to the cystatin superfamily. The SignalP program evaluation indicated that there was no signal peptide, similar to other members of the cystatin family 1 [2] . Additionally, Pocystatin B protein shared conserved major domains, especially the QXVXG motif and the G active site, with its homologues (Fig. 1) . A phylogenetic tree generated by MEGA 7.0 based on peptide sequences (Crassostrea gagas cystatin B was selected as the outgroup) elucidated the evolutionary relationship of cystatin B (Fig. 2) : all the tested teleost cystatin B homologues formed a cluster which could be distinguished easily from the tetrapod cluster. This result indicated the relatively conserved evolution of cystatin B proteins, implying their similar functions among different species.
Tissue distribution of Pocystatin B transcripts
qRT-PCR was employed to detect the expression profile of Pocystatin B mRNA in different tissues of P. olivaceus. As shown in Fig. 3A , Pocystatin B mRNA was constitutively expressed at different levels in various tissues, supporting the fact that cystatins have a broad spectrum of physiological and pathological processes, and are accordingly distributed throughout different types of cells and tissues in various species [2, 12, 13, [19] [20] [21] [22] . Among all the tissues, the strongest expression was detected in gill, and moderate expression levels were identified in intestine and muscle (Fig. 3A) . Gill, the tissue with the highest Pocystatin B mRNA level, represents important component of the innate immune responses in teleosts, possibly indicating a role for Pocystatin B in host defense. However, studies of teleosts have revealed distinctive tissue distribution patterns. The cystatin B transcription profile of S. maximus showed constitutive distribution in every tissue examined, but with more pronounced expression in muscle, brain and heart [12] . O. fasciatus cystatin B mRNA was detected in various tissues with the lowest expression in muscle and the highest expression in liver [13] . Hence, the distribution pattern of the cystatin B was likely to be Fig. 1 . Multiple alignment of the deduced amino acid sequences of Pocystatin B and its homologues. Amino acids with similarity more than 75% are highlighted in black or grey. Characteristic and conserved glycine (G) residues are denoted by the "G" letter. Characteristic and conserved residues of the QXVXG motif are marked with box. Fig. 2 species-specific and might indicate its different functional roles in different species. Further studies are necessary for functional characterization of cystatin B in teleosts, which will improve our understanding of its physiological roles.
Expression changes of Pocystatin B in response to LPS, PGN and poly I:C
A series of experiments were conducted to investigate the role of cystatin B in the innate immunity of P. olivaceus. LPS from Gram-negative bacteria, PGN from Gram-positive bacteria and a double-strand RNA viral mimic poly I:C were used to stimulate FG-9307 cells, after which Pocystatin B mRNA levels were detected by qRT-PCR. The challenge with LPS, PGN and poly I:C all resulted in a significant increase in the expression of Pocystatin B transcript immediately at 1 h post stimulation (P < 0.01). Then the level of Pocystatin B mRNA continued to rise: Pocystatin B mRNA level induced by LPS kept high at 2-12 h post challenge (Fig. 3B) ; the level induced by PGN or poly I:C got to the peak when detected at 8 h post stimulation (Fig. 3C and D) . These findings suggested that Pocystatin B was sensitive to both bacterial and viral infections, which was consistent with former studies on the potential immune effects of cystatin upon the invasion of microbial pathogens [9] [10] [11] [23] [24] [25] . 
Inhibitory activities of rPocystatin B on the proteolytic activity of protease
To characterize the biochemical properties of Pocystatin B, we cloned the coding sequence into the pET-32a expression vector to acquire a recombinant protein. SDS-PAGE analysis showed that the purified rPocystatin B yielded a single band of approximately 28 kDa (Fig. 4) , which was consistent with the expected size. The western blot result indicated that rPocystatin B could be recognized by anti-His tag antibodies (data not shown), implying the correct expression of the target protein. Cysteine protease inhibitory activity of rPocystatin B was examined in vitro using the papain enzyme. The papain inhibitory activity of rPocystatin B was shown to be concentration-dependent, inhibiting 91% of the papain activity at 300 × 10 −3 μg/μL concentration (Fig. 5) . Here, assay with TRX-His-tag peptide alone was used to determine the baseline activity. Similar results have been reported in many species, such as Tachypleus tridentatus [26] , Eriocheir sinensis [27] , O. fasciatus [13] and Ruditapes philippinarum [28] . Since the papain-like C1 family cysteine proteases are crucial for survival of microorganisms, especially bacteria and viruses [25, 29] , it is reasonable that host systems have evolved antimicrobial defenses to inhibit such pathogenderived proteinases. Thus, the detected papain inhibitory activity of rPocystatin B might reflect its potential role in antimicrobial defense.
The antibacterial activity of rPocystatin B
Oxford cup method was adopted to identify the antibacterial activity of rPocystatin B. As shown in Fig. 6 , larger inhibition zones could be observed around the Oxford cup of rPocystatin B compared with the PBS control and TRX-His-tag peptide, suggesting that rPocystatin B possessed an appreciable antibacterial effect against both Gram-negative bacteria (E. coli, E. tarda and A. hydrophila) and Gram-positive bacteria (S. aureus, B. subtilis and V. anguillarum).
Bacterial binding of rPocystatin B
rPocystatin B binding activity was measured by bacteria incubation to explore the immunological functions. Western blot showed that rPocystatin B incubated with E. coli, S. aureus, E. tarda, B. subtilis, V. anguillarum and A. hydrophila all yielded single clear band (Fig. 7A) , while no band could be detected in the negative control (Fig. 7B) . The results indicated that rPocystatin B could bind to both Gram-negative and Gram-positive bacteria. Previous findings have suggested that the N terminal region of cystatins, which was conserved among homologues, may interact with cysteine proteases and combine to the negative charge on bacterial membranes [24] . Cystatins could also penetrate the bacterial membrane into the inside and inhibits the activity of cysteine proteases [30] . Taken together, we deduced that rPocystatin B could recognize the main components of bacteria cell wall, LPS or PGN, thus executing anti-bacterial functions via binding directly to bacteria.
rPocystatin B has no effects on the expression of inflammatory factors
Four inflammatory factors were detected after rPocystatin B stimulation in the FG cells. The result of qRT-PCR showed that no obvious change in the transcript level of TNF-α (Fig. 8A) , IL-10 ( Fig. 8B) , IL-1β (Fig. 8C) or IFN-γ (Fig. 8D ) was detected at 1 h-12 h (P > 0.05). TNF-α, IL-10, IL-1β and IFN-γ are crucial inflammatory factors which regulate the gene expression and synthesis of other inflammatory factors in response to parasites, viruses and other stimulants [31] [32] [33] . It is reported that cystatin C could significantly up-regulate the TNF-α and IL-10 in Pseudosciaena crocea, suggesting that cystatin C might have an immunomodulatory role in inflammatory responses [34] . In contrast, no transcription regulation between rPocystatin B and the inflammatory factors could be detected by our results, which implied that Cystatin B might have different immune mechanisms from other cystatin members, possibly regulating immune responses through disparate pathways. Since the relationship between cystatin and cytokines immune response remains unclear, further studies about the mechanism need to be carried out.
In summary, we identified and characterized cystatin B of P. olivaceus in this study. The amino acid sequence of Pocystatin B exhibited high similarity to its homologues from other teleosts. Pocystatin B mRNA showed differential expression patterns in tissues, and its levels were all significantly increased after LPS, PGN or poly I:C stimulation. The recombinant PoCystatin B protein purified from E. coli possessed a papain inhibitory activity in vitro and could inhibit bacterial growth by binding to bacteria. We also found that rPocystatin B had no effects on the expression of inflammatory factors TNF-α, IL-10, IL-1β or IFN-γ. Our results suggested that Pocystatin B might be involved in the immune defense against invading microbial pathogens in P. olivaceus.
